Baumgärtner U, Vogel H, Ohara S, Treede RD, Lenz FA. Dipole source analyses of early median nerve SEP components obtained from subdural grid recordings. J Neurophysiol 104: 3029 -3041, 2010. First published September 22, 2010 doi:10.1152/jn.00116.2010. The median nerve N20 and P22 SEP components constitute the initial response of the primary somatosensory cortex to somatosensory stimulation of the upper extremity. Knowledge of the underlying generators is important both for basic understanding of the initial sequence of cortical activation and to identify landmarks for eloquent areas to spare in resection planning of cortex in epilepsy surgery. We now set out to localize the N20 and P22 using subdural grid recording with special emphasis on the question of the origin of P22: Brodmann area 4 versus area 1. Electroencephalographic dipole source analysis of the N20 and P22 responses obtained from subdural grids over the primary somatosensory cortex after median nerve stimulation was performed in four patients undergoing epilepsy surgery. Based on anatomical landmarks, equivalent current dipoles of N20 and P22 were localized posterior to (n ϭ 2) or on the central sulcus (n ϭ 2). In three patients, the P22 dipole was located posterior to the N20 dipole, whereas in one patient, the P22 dipole was located on the same coordinate in anterior-posterior direction. On average, P22 sources were found to be 6.6 mm posterior [and 1 mm more superficial] compared with the N20 sources. These data strongly suggest a postcentral origin of the P22 SEP component in Brodmann area 1 and render a major precentral contribution to the earliest stages of processing from the primary motor cortex less likely.
I N T R O D U C T I O N
Localization of early cortical activity is of paramount interest for the understanding of physiological function of sensory pathways and to validate tests such as somatosensory evoked potentials (SEPs) in neurologic diseases and landmarks for cortical mapping in neurosurgery. There is wide agreement about the cortical origin of the earliest cortical response following electrical stimulation of the median nerve, the N20, which arises from the primary somatosensory cortex (S1), Brodmann area 3b. In contrast, there is still debate about the origin of the second response, the P22, which has been assigned either to area 4 of the primary motor cortex (M1) in the precentral gyrus or to area 1 in the crown of the postcentral gyrus.
Allison and coworkers (1989) used subdural grid recordings in a collection of patients undergoing epilepsy surgery and concluded the P22 would most likely originate from area 1 by interpreting phase reversals. Scalp mapping studies and recordings from patients with cerebral lesions like Huntington's disease and from focal infarctions suggested area 4 as generator (Abbruzzese et al. 1990; Desmedt and Ozaki 1991; Desmedt et al. 1987; Mauguiere and Desmedt 1991; Rossini et al. 1989; Töpper et al. 1993) . In a recent study using electroencephalographic (EEG) dipole source analysis, Jung et al. (2008) localized the P22 dipole source in area 4 but could not rule out area 1, which also contributed to the signal.
From a neurophysiologic point of view, both options appear reasonable: it has been suggested that the proximate, anatomic connections between the sensory and motor cortex may result in cortical loops that traverse cortex in somewhat the same way that the stretch reflexes traverse spinal cord (Burke et al. 1982; Phillips 1969) . However, sequential activation of different cytoarchitectonic areas within the postcentral gyrus may (Bodegård et al. 2001; Hayashi et al. 1995) or may not account for the facts . Although area 3b is only one cytoarchitectonic area of four within the postcentral gyrus, it is often used as synonym for S1; other areas within the postcentral gyrus are not considered to be "primary" somatosensory (Kaas 1983) . Whereas the cortical representation of tactile objects is isomorphic up to area 3b (Hsiao et al. 1993; Phillips et al. 1988) , area 1, the other possible origin of the P22, maybe involved in serial processing of higher order somatosensory function like feature and edge detection and detection of movement direction of objects touching the skin (Gardner 1988; Gardner and Constanzo 1980; Hyvärinen and Poranen 1978) .
From a methodological point of view, neurophysiologic localization methods are more likely to render reliable results than imaging methods given the temporal resolution necessary to distinguish between activations separated by only 2 or 3 ms. With respect to localization of the P22, EEG should be advantageous over magnetoencephalography (MEG) because the generator is oriented more radially than the N20 generator (Wood et al. 1985) , similar to the P40 source of the tibial nerve SEP, which cannot be as easily detected using MEG only (Yamada 2000) .
In contrast to scalp recordings, grid recordings do not suffer from the distortions or artifacts of skull and other tissues that influence EEG. However, these are still brain surface recordings, and the estimation of underlying generators from inspection of surface potential distributions only is difficult. The old debate about the origin of the P20/N20 potential fields after median nerve stimulation-one tangential versus two radial dipoles-is a prominent example of how ambiguous interpretation of surface potentials can be (Allison et al. 1991a ).
Dipole source analysis (Scherg 1990 (Scherg , 1992 ) is an alternative method of source localization; it can estimate the location and direction where polarity inversion would take place in depth recordings. Because there is no unique solution, it is necessary to apply constraints to the model, which may prove as powerful tool to localize sources without invasive measures. With respect to localization of median nerve SEP sources, dipole localization has been performed so far by using surface recordings only (Buchner et al. 1994; Jung et al. 2003 Jung et al. , 2008 . We have successfully used this technique in an anatomically difficult region, the parasylvian cortex, to estimate the source of pain evoked potentials from subdural grid recordings (Vogel et al. 2003) , and the results were independently confirmed by another laboratory using depth recordings (Frot and Mauguière 2003) .
We now propose to use these techniques to test the hypothesis that the P22 arises from Brodmann area 4.
M E T H O D S

Subjects
This study was carried out in four patients (3 female, 1 male, 21-51 yr old) who had subdural grids implanted for surgical treatment of medically intractable seizures. Although typically more than one grid was implanted in the subdural space to identify the seizure onset, the recordings described here were derived from one 8 ϫ 8 64-channel grid in each patient that was implanted over the medial frontoparietal convexity. These subdural electrode grids were implanted over the left hemisphere in three patients (patients p#01, p#03, and p#04) and over the right hemisphere in one patient (p#02). The following brain areas were the regions of seizure onset: Left medial and (dorso-)lateral prefrontal cortex (p#01 and p#03), right posterior parietal medial cortex (p#02) and right temporal lobe (p#04).
Neurological examination, including a standard sensory testing protocol (Lenz et al. 1993) , disclosed no abnormality in any patient, and structural brain magnetic resonance images were normal. All seizure medications were discontinued for 36 h after the implantation of the electrodes. Therefore all subjects had substantial blood levels of these drugs at all points relevant to this study. No subject had any medical or psychiatric condition other than epilepsy or took mediations other than anti-epileptic drugs. The protocol was approved by the Institutional Review Board of the Johns Hopkins University, and all patients signed an informed consent.
Stimuli and electrocorticographic recording
SEPs were recorded by electrically stimulating the median nerve at the wrist contralateral to the side of grid implantation with an interstimulus-interval of 213 ms. The duration of the constant current square pulses was 300 s, and the intensity was set at ϳ15-20% above the motor threshold. Cortical electrical activities were recorded from subdural grid electrodes [electrocorticogram (ECoG)]. The electrodes consisted of platinum-iridium circular electrodes (2.3 mm diam) embedded in a transparent silastic sheet at evenly spaced 1-cm center-to-center intervals (Ad-Tech, Racine, WI). ECoG from subdural grid electrodes were amplified and band-pass filtered at 30 -300 Hz with Grass amplifiers (12A5, Astro-Med, West Warwick, RI). All ECoG signals were referenced to a single intracranial (subdural) reference electrode chosen for its inactivity and distance from the active electrodes. The amplified ECoG signals were digitized at 1,000 -2,500 Hz and recorded to computer hard disk along with stimulus markers for subsequent off-line analysis.
ECoG averaging and measurement of surface potentials
For each averaged potential, 2,018 -5,200 responses were averaged time-locked to the stimulus, using a time window of 120 ms with a 20-ms prestimulus period. For each subject, averaged waveforms were obtained after confirming the reproducibility of results from two recording sessions. Peak latencies and amplitudes were measured from reproducible, averaged waveforms. Peak amplitudes were measured from the baseline value, which was defined as the averaged value during the prestimulus period. All latencies reported in this manuscript were measured as peak latencies.
Computer tomography and magnetic resonance image normalization and matching
Each patient underwent a structural magnetic resonance imaging (MRI) scan prior to grid implantation. After the implantation of the electrodes, the correct localization of the grids was verified by a computer tomography (CT) scan. To perform the EEG source analysis using the information of the individual brain shape, electrode positions had to be determined relative to the individual brain; hence a common coordinate system was needed for the CT and MRI scans (Talairach and Tournoux 1988) 
Dipole source analysis
After import of the averaged SEP data into the source analysis software, data were re-referenced off-line versus average reference for calculation of the global field power (GFP ϭ spatial SD as a function of time) (Strik and Lehmann 1993) . GFP is a measure of spatial variance, which collapses information from all scalp electrodes at each time point independent of the location of a particular activation maximum and thus yields a reference-free measure of the component structure. According to the GFP structure of the individual patients, a time window for the analysis of the N20 and P22 components was chosen. Given the expected proximity between the source localization of these two components and the temporal overlap of their electrical activity, we decided to start out with the fitting procedure using a regional source (RS). A regional source is a set of three dipoles with the same location but mutually perpendicular orientations representing electrical activity in a small volume of cortex irrespective of the net dipole orientation. In the fitting procedure, which is purely data-driven, a regional source has only 3 df making this a robust analysis without the possible bias of a set of constraints that may be needed if multiple dipoles are fitted simultaneously.
After the location was fitted, orientations for the N20 and P22 dipole were fitted according to the individual activation peaks. Because the third dipole of the regional source had no relevant activity left after these orientation fits, it was deleted from the model. The locations of remaining two components (N20, P22) were finally fitted separately keeping the orientations from the previous step, and the Talairach coordinates obtained after the final fit were taken as estimated source locations for the N20 and P22 dipoles. The quality of a fit can be estimated by the "goodness of fit" (GoF), which is the amount of data variance explained by the dipole model. The procedure is described in detail in previous publications (for tibial nerve SEP, see Baumgärtner et al. 1998 ; for median nerve SEP, see Jung et al. 2003) and is shown in the results for one example subject (see following text, Fig. 3 ).
R E S U L T S
Grid locations
To get an impression of the size and location of the individual 8 ϫ 8 grids, Fig. 1 shows the three-dimensional projection of the grids on the head surface of the four individual patients. According to the expected seizure focus, the major part of the grids covered the frontal lobe. In three patients, the grids extended at least one full vertical row of electrodes posteriorly to the central sulcus, including one patient (p#01) where the grid was angulated. In one patient (p#04), only five electrodes of the lower part of the grid were posterior to the central sulcus. "R" indicates the common reference. Missing electrodes (4 channels in p#01) indicate bad channels that were excluded from further analysis. Figure 2 gives an example of the averaged SEP in one patient (p#02). Among channels 28, 20, and 12 (vertical direction on the grid), a clear phase reversal at 18 ms can be seen. The fact that the phase reversal occurs at the same time (18 ms) can be examined in the inset (channels 12 and 28). At that time, potentials are negative toward posterior positions (channels on the left/ inferior part of the grid) and positive toward anterior positions (channels on the right/ upper part of the grid), together forming the dipolar field of the N20/P20. The P22 has its maximum amplitude at electrode 19 and is separate from the N20/P20 potential both in space and time FIG. 1. Subdural grid locations for 4 patients with views from side and from top. Note that patient p#02 had the grid on the right hemisphere. R, the reference electrode.
Surface ECoG signals and GFP
FIG. 2. Original recording (patient p#02) of the 64 subdural electrodes (time window: 5 ms till 50 ms post stimulus, negativity upward) with respect to a common reference electrode (CH 65, outside the sketch). The arrangement of channels reflects the real positions within the grid. Because the grid was implanted on the right hemisphere, channels further on right represent anterior positions, channels further on the left represent posterior positions. The bended line passing through the center of the grid represents the central sulcus as determined intraoperatively. The marker is set at 18 ms, which is the individual peak latency of the N20 component. In this patient, the largest N20 phase reversal is between channels 28 (negativity) and 12 (positivity), the P22 maximum amplitude is at channel 19 (at 21 ms). Inset: the details are enlargened where latencies and polarities of these channels and the global field power (GFP) can be directly compared.
(see inset). A phase reversal cannot be seen, suggesting a single dipole with radial orientation as concluded from the surface potential distribution.
It is important to note, that, even though the data derived from subdural recordings, the distribution of the dipolar field of the N20 can be inspected almost across the entire grid ( Fig. 2) , whereas, in this patient, the P22 can only be detected at two electrodes (19 and 20; also see lower part of Fig. 6A ), suggesting a radial dipole as source of this component.
Source analysis
The fitting process with the regional source (RS) is shown for one subject (p#02) in detail in Fig. 3 . As the first step, the RS (circle diamond symbol) is introduced into the head, and the location is fitted in the time window (onset-to-peak) of the N20 component, as shown in Fig. 3A . Two observations can be made. First, the RS was localized near the central sulcus, contralaterally to the stimulated hand (heads on the right of each panel). Second, the GoF, indicator of how much of the data variance is explained by the model used, paralleled the course of the GFP with its three major peaks visible in the whole time window shown (5 ms until 50 ms post stimulus, top left of each panel, fit window shaded in gray). The peak values of the GoF were between 75 and 83%, demonstrating that the RS explained almost the entire electric activity during the first 50 ms after stimulation. Without any fit of the orientations, the three single dipoles, which constitute the RS, show an overlapping activity pattern over time (source activity in nAm, shown on the bottom left).
The orientation fit for the first (N20) component in Fig. 3B resulted in a tangential orientation of one RS component picking up this activity with the positivity (flag of the dipole) pointing in anterior and slightly medial direction. Note that this procedure has no effect on the GoF because the location and composition of the RS is unchanged with its three dipoles in orthogonal orientations. However, the effect of the orientation fit resulted in a separation of the dipole activities because all of the activity into anterior-medial direction was now picked up by only one component. Observation of the two remaining FIG. 3. Brain Electrical Source Analysis software (BESA) strategy of source fitting (patient p#02). Top left: GFP and goodness of fit (GoF); bottom left: source activities (in nAm) over time; right: head model views with dipole sources. The time window comprises 5 till 50 ms post stimulus. A: a regional source (RS), consisting of 3 orthogonally bound dipoles, is fitted for best location and rotated to activity maximum within the N20 time window (B). C: orientation fit of 2nd RS component at peak of P22. D: conversion of RS to 3 single dipoles. E: the 3rd dipole in C does not contribute to the solution and is switched off. F: the remaining dipole 1 is fitted for location at N20 onset to peak (orientation fixed), dipole 2 is fitted for location at P22 onset to peak (orientation fixed). Dipoles 1 and 2 are sufficient to explain the data variance of this time window and represent the tangentially oriented N20 and radially oriented P22 components with clearly separated dipole source activities. Further details are given in the text (see RESULTS).
dipole activities showed a second dipole activity exhibiting one peak (downward deflection) shortly after the large N20 component, whereas activity of the third dipole was very low. In C, a second orientation fit was performed on the time of the peak activity of the second dipole (cursor) while keeping the orientation of the first dipole (note: in this subject, there was no P22 peak in the GFP). As a result, the other two components showed a more radial orientation, the stronger component pointing upward and slightly posterior; the weak third component can hardly be detected as dipole in the head views.
In D, the RS was transformed into three single dipoles still bound together. The separate source activities and the different dipole orientations can now be examined in more detail. Dipoles 1 and 2 picked up an early, tangential component and a component with a different time course of activity (peaking slightly later than activity of dipole 1) and radial orientation. The third dipole of the former regional source was almost totally inactive. Because the third dipole contributed only marginally to the explanation of the data variance, it was deleted from the model in E, leaving two sources with clearly separated time courses of activity; dipole 1 picked up activity of the N20 component, and dipole 2 picked up activity of the P22 component. Deletion of dipole 3 lead to a decrease in the GoF of only 1.2%, and changes in the GoF between D and E can hardly be detected. The two remaining single dipoles, one with a tangential orientation (N20), the other with a radial orientation (P22) were then separately re-fitted for location (keeping the orientation fixed). The final result is shown in Fig.  3F , with two single dipoles for the N20 and P22 components with slightly different locations and clearly different orientations. Dipole source analysis of the first two cortical components as described in the preceding text yielded very similar results in all four patients.
The GFP, as derived from all 64 channels, was the basis for the source analysis. In Fig. 4 , the time courses of the GFP (as "EEG signal") and the GoF (quality criterion for data explanation) is shown in parallel for all subjects. Within the time window used for the analysis, the GoF was ϳ80% [79.3 Ϯ (SD) 2.3] for each of the four patients. The marked time window contains the onset of the N20 till peak of the P22. In one patient (p#02), the N20 GFP amplitude exceeded the P22; in the other three cases, it was vice versa. Only in one patient (p#04) were two clear peaks visible in the GFP, whereas in the other cases, one of the peaks appeared as a "shoulder" adjacent to the other, indicating the temporal overlap of the two components. Peak latencies of surface channels and GFP peaks of all subjects are given in Table 1 (left columns).
The source analyses for the four patients yielded a tangential source pointing anteriorly (frontal positivity in scalp distribution) in all subjects, and a radial source, almost strictly radially in two subjects (p#01 and p#04), slightly posteriorly or laterally in the remaining two, as displayed in the model heads in Fig. 5 . The time courses for the dipole activities are displayed on the right side. The activity with the first peak (-) belongs to the tangential dipole in the heads, whereas the activity with the later peak (---) belongs to the radial dipole. The different time courses show good separation of the two components in each patient. The delay between the N20 and P22 source activities was 2 or 3 ms (cf. Table 1 for latencies of surface and depth activities). As to the dipole localizations, the radial (P22) source was situated either on the same spot as the tangential (N20) source or further posteriorly, in no case it was found anterior to the tangential source. On average, the P22 source was located 6.6 mm posterior to the N20 source. Individual and average coordinates of the source localizations as well as differences are given in Table 2. FIG. 4. GFP (black) and GoF (gray) of the 4 patients. The time window for the fit procedures includes onset of the N20 to peak of the P22 (total time scale 5 till 50 ms post stimulus; the electrical stimulus was applied at t ϭ 0). Eighty percent of the data were explained by the BESA model (GoF). Arrows indicate the 1st cortical component (N20). Back projection of the dipoles on the recording grids (Fig. 6 ) demonstrated the following. 1) The N20 source (white triangle) was localized ϳ0.5-1.0 cm posterior to the central sulcus in 2 cases (p#01 and p#02) and located on the central sulcus in the other two cases (p#03 and p#04). 2) Except in one patient (p#03), were N20 and P22 sources were localized both on the central sulcus, the P22 was localized on average 6.6 mm further posterior than the N20 in the other three patients (Fig.  6, Table 2 ). These findings together strongly suggest a P22 source in area 1 because of the posterior location and the radial orientation. The distance of 6.6 mm (on average) further provides evidence for area 1 rather than areas further posterior like e.g., areas 2 or 5. P22 sources were on average 1 mm more superficial compared with N20 sources.
In patient p#04 (Fig. 6B) , The N20 source was localized on the central sulcus. The P22 source was localized further posterior than the N20 source; however, because the CS was bending away further posteriorly in that region, the P22 source was projected on the precentral gyrus. In our view, this is very likely to be an artifact (mislocalization) for both sources because the edge of the grid was located anterior to the central sulcus in the upper region (on top of area 4), and the sources cannot be localized outside-in this case posteriorly to-the grid. Interpolation of the spline map to the right side of the grid would very likely yield a maximum of the P22 positivity, and thus the source localization, further to the right of the sketch, which is posteriorly to the central sulcus.
Because we had expected that at least in some of the subjects the P22 would be located anterior to the generator of the N20 (Jung et al. 2008) , we actively tested the possibility of a relevant contribution of a precentral source. We manually shifted the P22 dipole location found in our analysis further into anterior positions. In each subject, the P22 dipole was shifted 1-3 cm further anterior (in y-coordinate direction) while the GoF was monitored. This analysis yielded only decreases in the GoF. These were already evident, when sources were shifted anterior by only 1 cm and became worse at a distance of 2 or 3 cm anterior to the original position, where the GoF became similar to the value when the P22 was totally removed from the model ("switched off"; see Fig. 7 ) and only the N20 source was left active. To avoid any possible bias due to the fixed orientation of the P22 dipole, we also fitted its orientation freely after each shift. We further examined the combined time window of both N20 and P22 sources and the time window of just the P22 (shown in Fig. 7 ) but did not find an increase in the GoF in any case.
D I S C U S S I O N
The main findings in this study using median nerve stimulation together with subcortical grid recording and dipole source analysis are that the N20 source was localized posterior to or on the central sulcus and, relative to that location, the P22 was localized on average 7 mm further posterior. This direction and distance together with the radial orientation as found by the dipole source analysis makes the origin of the P22 highly likely to derive from the crown of the postcentral gyrus, in area 1. Active testing of the hypothesis that the P22 generator may be generated in area 4 yielded negative results.
Methodological considerations
GENERAL. Source analysis from subdural grids is a refinement of dipole source analysis techniques from scalp recordingsbringing improvement in terms of accuracy of the localization results. This method has been validated in principle in the study of Vogel et al. (2003) , where the cortical sources of auditory versus nociceptive stimuli were determined below and above the sylvian fissure in patients with implanted grids. In the present study, the requirement for spatial resolution was higher because it was expected that the median nerve N20 and P22 sources were located close to each other near the central sulcus. There is now general agreement about the generator of the N20, a tangential source with frontal positivity and parietal negativity that has been assigned to Brodmann area 3b in the anterior wall of the postcentral gyrus (e.g., Allison et al. 1991a; Arezzo et al. 1979; Deiber et al. 1986; Desmedt et al. 1987; Jung et al. 2003; Kakigi 1994; McCarthy et al. 1991; Tiihonen et al. 1989; Valeriani et al. 1998 Valeriani et al. , 1999 ; review by Lee and Seyal 1998) , the classical S1 (Kaas et al. 1983) . The fact that the same localization was found in this study can be interpreted as a positive validation of the method of source analysis from subdural grids in this specific context. In agreement with previous studies, the N/P20 peak positivity was found to be anterior and the peak negativity posterior to the central sulcus in all subjects, and the line of phase reversal followed the central sulcus in most parts.
TECHNICAL. Source analysis results are dependent from a vast number of factors that have differential impact depending on the recording setup, the head model and the algorithm chosen (Michel et al. 2004 ). For average reference recordings, source localization offsets have been described ("polar average reference effect") when the electrode density was low and only the upper part of the head was covered (Junghöfer et al. 1999) . In our recording, we had a high electrode density over the frontal (and partly parietal) lobe of one hemisphere without coverage of the contralateral part of the brain. These factors should ameliorate and deteriorate the results at the same time-the net effect in numbers is hardly possible to be appraised. In one of our patients (patient #4: Fig. 6B , bottom right), this effect, however, could be the reason why the P22 source was "dragged" toward the inner grid area.
Localization differences between a sphere, as used in our study, and realistic head models (boundary or finite element models; BEM, FEM) range between a few millimeters up to a centimeter and even more. This has major impact on source locations in deep brain regions and the temporal lobes, whereas differences in spherical parts of the brain-like in the region investigated here-appear to be minor (2-4 mm) (Buchner et al. 1995; Fuchs et al. 2002; Kristeva-Feige et al. 1997; van't Ent et al. 2001; Yvert et al. 1997 ; review by Fuchs et al. 2007 ).
More recently, the impact of anisotropy of the skull and brain tissue on source estimation has come to the attention of several researchers. Whereas the skull anisotropy had considerable influence with mislocalizations of 10 mm on average, white matter anisotropy had a negligible effect (2 mm displacement, Ͻ10°angle deviations) (Hallez et al. 2009; Lee et al. 2009; Wolters et al. 2006) and adds only to an improved resolution, if all other factors allow a resolution of Յ1 mm (Güllmar et al. 2010) , which is probably not the case in our recordings.
Assuming that the effects described in the preceding text should affect the two neighboring N20 and P22 sources in a similar, systematic way, we still feel content our statement of a postcentral origin of the P22 is valid, because the P22 was Averages are shown in mm, Talairach space, as means Ϯ SD. Diff., difference in mm between N20 and P22 source coordinates; * for x coordinates, only absolute values were averaged. always posterior to the N20 source, and the N20 generator is surely located behind the central sulcus, which was our anatomic anchor structure.
An important question is whether cortical reorganization as potential consequence of epilepsy may be a confounding factor for the source localizations. In principle, cortical reorganization can have an impact on dipole localizations, especially when large lesions are present that may directly displace the eloquent area or lead to mislocalization due to volume conduction changes (Akhtari et al. 2010; Ossenblok et al. 2003; Vatta et al. 2002) . However, source locations determined following tactile hand stimulation in young patients with epilepsies where the focus was located in the central region but without any structural lesion were not significantly different from source locations in normal/asymptomatic hemispheres (Bast et al. 2007) . Because the patients investigated in the present work did not have lesions in the MRI, and because the epileptic focus was distant from the central sulcus, a relevant impact of reorganization on the source analysis results appears unlikely. FIG. 6. Estimation of source locations (triangles) in relation to the grid electrodes (black dots) on a flattened grid view and individual anatomy (red lines) as obtained from stimulation mapping and intraoperative photo shots for all 4 patients. Left: N20; right: P22. CS, central sulcus; SF, sylvian fissure; yellow line, line of phase reversal; ϩ/Ϫ, sites of maximum polarity/amplitude; dark gray, negative; light gray, positive fields on the scalp. At the time of the N20 peak amplitude, clear dipolar fields across the central sulcus can be identified in all patients. For the P22, the maximum scalp positivity was located posterior to the central sulcus in 3 patients and on the central sulcus in 1 patient (p#04), in whom the lack of electrodes behind the central sulcus prevented localization of the source further posterior.
Supporting data from grid recordings in humans and monkeys
The localization of the P22 source as postcentral generator confirms the suggestion of Allison. The conclusion of a postcentral origin of both N20 and P22-the so-called tangential ϩ somatosensory radial model (Allison et al. 1991a )-was based on the following observations. First, in two patients undergoing epilepsy surgery, both with normal SEP responses in the 20 -35 ms range prior to surgery, one was operated on S1 with excision of the hand area of the somatosensory cortex, the other had an excision of the hand area of the motor cortex. After removal of the hand area of the somatosensory cortex, all median nerve SEP responses in the time range between 20 and 35 ms disappeared, whereas in the other patient they remained present (Allison et al. 1991b) .
Second, excision experiments performed in monkeys with analysis of the human N20/P22 homologues N10/P12 yielded the same results. In addition, removal of smaller cortex volumes from the crown of the postcentral gyrus only (presumably area 1) resulted in loss of P12 with the N10-P10 component still present (Allison et al. 1991b ).
Third, Buchner et al. (1996) found the P22 abolished in a patient with a lesion in the crown of the postcentral gyrus.
Clinical data challenging the finding of a postcentral P22 generator
A challenge to the assumption that the generator of the P22 is located posteriorly to the motor cortex comes from the lesion studies by Mauguière and Desmedt (1991) . In a selection of patients with cerebral lesions of various origins, these authors (Mauguière and Desmedt 1991 ; see also Mauguière et al. 1983) found a correlation between amplitudes of the precentral scalp component P22 and motor function and between postcentral N20 scalp amplitude and sensory function, and a differential affection of the two components by precentral and postcentral lesions. Whereas slowly evolving pathologies in the central region appeared to leave N20, P22, and later components relatively unchanged (probably due to cortical reorganization, cf. case 22), sudden events like stroke were associated with the changes described in the preceding text. In this clinical pioneer study, the authors used a limited number of electrodes on the scalp, and termed both frontal P20 (the positive counterpart of the parietal N20) and P22 as one component (P22) (cf. Fig. 1 in Mauguière et al. 1983 : the wide spread frontal P20 is visible at electrodes 5, 7, and 8, whereas the slightly later occurring P22 is only visible at electrode 3 after right median nerve stimulation). Interpretations of differences in amplitudes of SEP components between one lesioned hemisphere and the corresponding unaffected hemisphere is rendered difficult through the fact that amplitudes can be considerably asymmetric in healthy subjects already, both between pre-and postcentral components of the same hemisphere and between hemispheres as well (Allison et al. 1991a; Jung et al. 2003; Sörös et al. 1999; Theuvenet et al. 2005) . Instead of interhemispheric comparison of SEP components, a better control condition may be the same hemisphere that can be examined in patients before and after elective surgery. In these rare cases, the findings supplied strong evidence for a P22 generator behind the central sulcus (cf. Allison 1991b) .
The impact of a large lesion on conductivity properties of the brain and skull may also be responsible for possible distortions or cancellations of electrical fields on the scalp that do not properly reflect functionality of the brain tissue. In a study with parallel recording from subdural grids and scalp electrodes in a realistic head model calculated using finite elements, current source density mapping of the surface showed distortions of the electric field above the grid, especially at the edges (Zhang et al. 2008) demonstrating that even only little to moderate inhomogenieties induce changes that may result in localization errors, especially when relying on scalp channels only.
"Long-loop" reflexes
Whatever the distinct contribution of cutaneous and muscle afferents to cortical potentials, the P22 generator is of particular interest because it may be part of the pathway involved in long latency reflexes (Desmedt 1978) . In monkey, motor cortical pyramidal cells responsive to wrist movements generate spikes, which lead to facilitation of electromyographic (EMG) activity in the stretched muscles as has been identified by analyzing spike triggered EMG activity (Cheney and Fetz 1984) . Furthermore, selective lesions of monkey motor cortex lead to decreases in long latency activity in muscles acting across the primate hand, although not in other species or muscles (Lenz et al. 1983a,b; Ghez and Shinoda 1978) . These findings strongly suggest that somatic sensory inputs from low threshold, rapidly conducting afferents form a functionally significant input to motor cortex. However, the route of short latency somatosensory input from the periphery to the motor cortex is unclear because the part of the thalamus receiving input from the dorsal column nuclei does not project directly to motor cortex and the areas of sensory cortex receiving this input do not project to motor cortex Tracey et al. 1980; Wiesendanger and Miles 1982) .
We could not identify the motor cortex as an area giving substantial contribution to the generation of the P22 component even though we looked for it by shifting the dipole further anterior. Therefore we can only conclude that its contribution is minor, possibly as part of the remaining 20% data variance not explained by our model or because the motor cortex is activated later.
Contradictive findings of dipole source analyses from scalp recordings
Using dipole source analysis in normal brains of healthy subjects, a previous study (Jung et al. 2008 ) has determined area 4 as probable generator site of the P22; this is in contrast to our present findings with the P22 surface maximum positivity and dipole localization strictly posterior to or at least directly on top of the N20 source. A possible reason for this discrepancy could be that the results obtained by Jung et al. (2008) derived from scalp recordings using 32 channels as opposed by recordings from 64 channels from the brain surface used in the present study, the latter offering a (locally) higher spatial resolution with less volume conduction that may blur signals on the head surface. A notable difference is the orientation of the P22 dipoles which is more radial in the present study as compared with the results found by Jung et al. (2008) . Assuming that the positive field originating from a postcentral P22 generator on the scalp surface was not strictly radial, but pointing more anteriorly, the projected field on the scalp would merge with the frontal field of the N20 dipole (the P20) typically still present when the P22 shows its maximum activity on the scalp. This overlap of scalp potentials could lead to a localization error toward frontal regions because the N/P20 is located further anterior and because changes in conduction properties between the different tissues could further distort the electrical field in the same direction. The inverse modeling may erroneously lead to a back-projection of the source toward the gyrus anterior to the central sulcus (e.g., area 4), like it is the case for the tibial nerve P40 source across the interhemi- FIG. 7. Effect of shifting the P22 source further anterior on the GoF. From the position of the P22 as found in the individual source analyses, the P22 dipole was shifted into anterior direction (precentral positions) by 1-3 cm. The GoF was reduced by 20% to 37% from its original value in the fit window for the P22 source. The condition "off" means that the P22 source was deleted from the model. Note that all GoF changes were negative. Error bars: SE. spheric fissure, a phenomenon called paradoxical lateralization. However, in case of the P40 scalp surface field on the hemisphere ipsilaterally to stimulation, the dipole source was correctly assigned to the contralateral hemisphere (Baumgärtner et al. 1998 ).
Depth recordings
Further evidence for a postcentral origin of the P22 comes from the recordings by Barba et al. (2004 Barba et al. ( , 2008 . In patients with depth recordings in the postcentral gyrus, a small P22 can be inspected as superficial positive dip 3 ms following the larger N20 component with a depth negativity, which is, however, larger and wider than the smaller superficial component. Although this could be interpreted as phase reversal from surface to depth, the asymmetric structure may leave doubt whether the two components are generated by a single radial dipole in the crown of the postcentral gyrus.
In addition to the clinical observations by Mauguière et al. (1983) and Mauguière and Desmedt (1991) , depth recordings in epilepsy patients by Balzamo and coworkers (Balzamo et al. 2004 ) may point to area 4 as early generator following median nerve stimulation. In one patient with recording in the postcentral gyrus, they found two negative components at 22 and 26 ms that they assigned to areas 3b and 3a. In a second patient with a single electrode track through the omega hand region, a cortical landmark in the hand areas of primary motor cortices (Yousry et al. 1995) , they identified a phase reversal of the N/P20 across the omega (dipole in area 3b), followed by a large negativity in the anterior wall of the central sulcus, e.g., area 4(?) 6 ms later. Assignment of this negativity to area 4 is not easy to explain because a primary source from that region should have positive polarity.
Possible sources could be the negativity from underneath the M1 cortex wall, primary muscle afferent input to area 3a, or a far spread negativity from underneath the crown or S1 (less likely). A spread of S1 activity from area 3b is unlikely as it should be positive anterior to the central sulcus. In a third patient, a precentral lateral/superficial positivity is recorded with a deep and steep phase reversal at 25 ms. If these results point to area 4, one should ask why it is not seen in surface recordings. An explanation could be the depth inside the central sulcus below the dipole in area 3b, the activity of which may act as a cover from scalp sensors. Furthermore, the latency of this component does not really fit with the surface time of the P22 or the temporal delay of 5 ms from the preceding N20 instead of 2 or 3 ms. A putative generator in area 4 in the depth should yield a dipolar field on the surface rather than a radial field, which is evident in our recordings from the brain surface.
From single wires it is hard to conclude on exact source locations without steep phase reversals because even depth recordings can show considerable volume conduction. For example, projections from sources in the postcentral gyrus can be visible up to the presupplementary motor area far away in the frontal lobe (Barba et al. 2005; Kanovsky et al. 2003) . In the studies mentioned in the previous paragraph, the only consistent finding is the tangential generator in area 3b. Other potentials have been identified, the origin of which is uncertain. There is high variability between the findings from single patients and from depth recordings: Each subject yields slightly different results. This may be due to the different extent of the lesions and/or variability in cytoarchitectonic anatomy in the region of the central sulcus (Geyer et al. 1999 (Geyer et al. , 2000 .
Conclusion
Consistent findings all point to area 1 as generator site for the P22: our subdural recordings with postcentral positivity on the surface and posterior dipole localization are in accordance with subdural recordings in other patients (Allison et al. 1991a; Buchner et al. 1996; Sonoo et al. 1991) and monkeys (Hayashi et al. 1995; McCarthy et al. 1991) , controlled lesion studies in humans and monkeys (Allison et al. 1991b) , and dipole localization studies in humans (Buchner et al. 1991) as well as dipole localization analyses from high-density electrode grids in monkeys (Hayashi et al. 1995) . The differential assignment of the generators of these early cortical potentials (N/P20 and P22) to subdivisions of the postcentral gyrus opens up the possibility of separate functional testing of Brodmann areas 3b and 1. 
